Introduction
============

Human UL16 binding protein (ULBP)/retinoic acid early transcript 1 (RAET1) molecules are encoded by the *ULBP/RAET1* gene family located on chromosome 6q24.2, which is composed of 10 members, including six functional genes, *ULBP1*, *2*, *3*, *4*, *5*, and *6*, corresponding to *RAET1I*, *H*, *N*, *E*, *G*, and *L*, respectively.^[@r01]--[@r04])^ There are several major histocompatibility complex (MHC) class I-like molecules, including ULBP/RAET1 and MHC class I chain-related chain (MIC), which are known as ligands for a C-type lectin molecule, natural-killer group 2 member D (NKG2D).^[@r02],[@r05]--[@r07])^ NKG2D is an activating receptor expressed on the surface of NK, γδ^+^ and CD8^+^ T cells that plays an important role in the immune response system.^[@r08],[@r09])^ These ligands are usually stress-inducible, and their recognition by NKG2D can lead to the activation of NK cells, resulting in the killing of virus-infected cells and tumor cells.^[@r10]--[@r13])^ It has been reported that each *ULBP* gene has several sequence variations in humans.^[@r14],[@r15])^ Although the cell surface expression of ligand molecules on target cells is differentially regulated,^[@r11])^ genetic variations or polymorphisms in the coding region may also have a functional impact.

In the medical field, non-human primates including rhesus and cynomolgus macaques are used as animal models in immunological studies for infectious diseases, autoimmune diseases, organ transplantation, and the development of vaccines. These macaques are Old-World monkeys, and it has been reported that the genetic diversity of immune-related genes in the rhesus macaque is unique, *i.e.*, more than 60% of rhesus macaque-specific expansions of immune-related genes are found in the protein coding sequences.^[@r16])^ To fully evaluate the results of immunological experiments using macaque models, it is essential to characterize the genetic diversity of immune-related molecules, which may shape the basis of individual differences in the immune response against foreign antigens and/or pathogens. It has been reported that the copy numbers of genes in the *MHC* loci in Old-World monkeys are higher than those in humans.^[@r16]--[@r18])^

In addition, the extent of genetic diversity in the *MHC* loci of Old-World monkeys differs in part depending on their origin, such that the diversity of *MHC* class I genes is considerably different depending on their habitat in both rhesus and cynomolgus macaques.^[@r19],[@r20])^ In our previous study, we demonstrated that *ULBP2* and *ULBP4* are more polymorphic in Old-World monkeys compared with in humans.^[@r21],[@r22])^ It was also revealed that each member of the *ULBP/RAET1* gene family, except for *ULBP6*, had been duplicated in the rhesus genome.^[@r21],[@r22])^

In the present study, we focused on sequence variations of the *ULBP5* genes in rhesus and cynomolgus macaques, to further delineate the divergence and diversity of the *ULBP* gene family in macaques and humans.

Materials and methods
=====================

Subjects.
---------

The study subjects were 38 rhesus macaques from seven colonies and 24 cynomolgus macaques from five colonies, previously analyzed for polymorphisms in *MHC* class I genes.^[@r19],[@r20])^ They were maintained in breeding colonies at Tsukuba Primate Research Center, National Institute of Biomedical Innovation, Japan or the Primate Research Institute, Kyoto University, Japan. The founders of the rhesus macaque colonies were captured in Myanmar and Laos,^[@r19])^ whereas the founders of cynomolgus macaque colonies were captured in Indonesia, Malaysia, and the Philippines.^[@r20])^ All care, including blood sampling of animals, were in accordance with the guidelines for the Guide for the Care and Use of Laboratory Animals (National Research Council, 8th ed., 2010) and were subjected to prior approval by the Animal Experimentation Committees of The University of Tokyo and Kyoto University.

DNA extraction and sequencing analysis.
---------------------------------------

Genomic DNA from B lymphoblastoid cell lines from rhesus macaques and whole blood samples from cynomolgus macaques were extracted using a QuickGene DNA kit (FUJIFILM Corp., Tokyo, Japan), as described previously.^[@r21],[@r22])^ Amplification of each rhesus *ULBP5* was performed with two primer pairs, which were designed for the region spanning from intron 1 to intron 3 of two rhesus *ULBP5*, LOC694076 (designated *ULBP5.1*) and LOC694265 (designated *ULBP5.2*), using FastStart Taq DNA polymerase (Roche, Mannheim, Germany). Sequences of the primer pairs were as follows: UL5.1F (5′-TCCTACCTCCCACAATCCACA) and UL5.1R (5′-AGGAGCGCCCCATG) for *ULBP5.1* (LOC694076), and UL5.2F (5′-CCTTTGCCATCCAGACC) and UL5.2R (5′-AGAAGCAAGTGCAGTGAGGA) for *ULBP5.2* (LOC694265). These primers were also used for the amplification of cynomolgus *ULBP5*. The polymerase chain reaction (PCR) program was composed of the following steps: denaturation at 95 ℃ for 4 min; 30 cycles of 95 ℃ for 30 sec, 63 ℃ for 30 sec for *ULBP5.1* or 56 ℃ for 30 sec for *ULBP5.2*, 72 ℃ for 45 sec; and additional extension at 72 ℃ for 7 min. Expected sizes of the amplified fragments were about 1,270 bp and 1,307 bp for *ULBP5.1* and *ULBP5.2*, respectively, and the PCR products were cloned into pSTBlue-1 AccepTer vector (Novagen, WI, U.S.A.) in accordance with the manufacturer's instructions and transformed into Nova Blue Single^TM^ competent cells (Merck Biosciences Japan, Tokyo, Japan). Ten to 20 independent transformed colonies were picked up for each sample and subjected to sequencing on both strands using a BigDye Terminator cycling system and an ABI 3730 automated sequence analyzer (Applied Biosystems, CA, U.S.A.).

Data analysis.
--------------

Nucleotide sequences from cloned DNAs were aligned using the Genetyx software package (version 8.0, Genetyx Corp., Japan). When at least three clones from independent PCR or from different individuals showed identical sequences, the sequences were submitted to the DNA Data Bank of Japan (DDBJ). Neighbor-joining trees were constructed using Kimura's 2-parameter method for phylogenetic analysis of the sequences of exon 2 and exon 3 of *ULBP5*, as well as intron 2 sequences, using Genetyx software. Bootstrap values were based on 5,000 replications. The *ULBP1* to *ULBP5* sequences from rhesus monkeys: LOC694216, LOC694341 (*ULBP1*), LOC694466, LOC694600 (*ULBP2*), LOC694135, LOC694525 (*ULBP3*), LOC695031 (*ULBP4*), LOC694076, LOC694265 (*ULBP5*), and AM418584 (*MICAB*); *ULBP1* to *ULBP6* sequences from humans, GenBank accession numbers AL355497 (*ULBP1*, *ULBP3*, *ULBP6*), AL583835 (*ULBP2* and *ULBP5*) and AL355312 (*ULBP4*), were adopted as references. Similarly, cynomolgus (LOC102142491 as *RAET1L*), human (NG034139 as *MICA*, NG21405 as *MICB* and AB003618 as *MICB* variant, *MICB\*0107N*), chimpanzee (LOC463066 as *ULBP2*, LOC748488 as *ULBP5* and NC 006473 as *MICB*), western gorilla (LOC101140391 as *ULBP2*), and another members of the Old-World monkeys, olive baboon (LOC101017701 as *ULBP2*), as well as a member of the New-World monkeys, marmoset (LOC100390841 as *MICA*), and mouse (AC159330 as *Rae1-*α) were included in the phylogenetic analysis as references. Rates of synonymous change in exons and variation in introns were calculated for ULBP5 genes in rhesus and cynomolgus macaques and indicated as average ± SD. Statistical significance of differences among mutation rates was examined using Welch's t-test. Statistical significance was defined as p \< 0.05.

Nomenclature.
-------------

Alleles of *ULBP5.1* and *ULBP5.2* are designated using a 6-digit system such as *Mamu-ULBP5.1\*01.01.01*, in which the first, second, and third pairs of digits indicate alleles that differ in their predicted amino acid sequences, synonymous sites in exons, and variation in introns, respectively. In addition, as for the nomenclature for the alleles at the predicted amino acid sequences, we placed "-" instead of "\*" after the protein name, such as Mamu-ULBP5.1-01.01.01, to distinguish it from the nomenclature for nucleotide sequences.

Results
=======

Identification of alleles for the ULBP5 gene, ULBP5.1.
------------------------------------------------------

There are two paralogous genes for *ULBP5*, LOC694076 and LOC694265, in the rhesus macaque genome. In the present study, we designated LOC694076 and LOC694265 as *ULBP5.1* and *ULBP 5.2*, respectively, and designed primer pairs in which the deletion site of nucleotide sequences in LOC694265 was used to separately amplify *ULBP5.1* and *ULBP 5.2*. As expected, PCR products from each gene could be obtained and distinguished by their length, although minor length differences due to a CCT repeat number polymorphism in intron 1 of *ULBP5.1* and several deletion sites in exons and introns of *ULBP5.2* were observed.

We obtained nucleotide sequences for the region from part of intron 1 to part of intron 3 of *ULBP5.1* from 38 rhesus macaques and 24 cynomolgus macaques by the sequencing of cloned PCR products. The *ULBP5.1* sequences from rhesus macaques were classified into 18 different alleles (Table [1](#tbl01){ref-type="table"}), designated as *Mamu-ULBP5.1\*01.01.01* to *-ULBP5.1\*08.01.01*. The LOC4964076 sequence was given with the allele name *Mamu-ULBP5.1\*01.01.01*. In cynomolgus macaques, 11 different alleles, *Mafa-ULBP5.1\*01.01.01* to *-ULBP5.1\*09.01.01*, were identified (Table [1](#tbl01){ref-type="table"}).

Identification of alleles for another ULBP5 gene, ULBP5.2.
----------------------------------------------------------

PCR products for *ULBP5.2* could be obtained from genomic DNA of both rhesus and cynomolgus macaques. Sequencing data from the cloned PCR products were classified into 11 different alleles, *Mamu-ULBP5.2\*01.01.01* to *-ULBP5.2\*09.01.01*, from rhesus macaques and 13 alleles, *Mafa-ULBP5.2\*01.01.01* to *-ULBP5.2\*10.01.01*, from cynomolgus macaques (Table [1](#tbl01){ref-type="table"}). Nucleotide sequences of *Mamu-ULBP5.2\*01.01.01* and *Mafa-ULBP5.2\*01.01.01* were identical to each other and to LOC694265.

Diversity of ULBP5 genes in Old-World monkeys.
----------------------------------------------

As for the diversification of *ULBP5* in macaques, several non-synonymous substitutions were observed, and amino acid sequences (AASs) were deduced from the nucleotide sequences. As a result, *ULBP5* polymorphisms were classified into 11, 9, 7, and 7 AAS alleles in *Mamu-ULBP5.1*, *Mafa-ULBP5.1*, *Mamu-ULBP5.2*, and *Mafa-ULBP5.2*, respectively (Table [2](#tbl02){ref-type="table"}, Supplementary Table [1](#tblS01){ref-type="table"}). There were several AAS alleles with truncating mutations in both rhesus and cynomolgus *ULBP5.2* (Fig. [1](#fig01){ref-type="fig"}). In particular, the Mamu-ULBP5.2-04.01.01 AAS allele was predicted to encode a very short form due to a stop codon caused by a single nucleotide substitution early in exon 2. In addition, Mamu-ULBP5.2-05.01.01, -ULBP5.2-05.02.01, and -ULBP5.2-06.01.01 AAS alleles were also predicted to be truncated at amino acid position 15, as a result of a frameshift by two nucleotide deletions at exon 2 in *Mamu-ULBP5.2\*05.01.01*, *-ULBP5.2\*05.02.01*, and *-ULBP5.2\*06.01.01* alleles, respectively. Furthermore, Mamu-ULBP5.2-09.01.01, Mafa-ULBP5.2-08.0.1.01, -ULBP5.2-09.01.01, and -ULBP5.2-10.01.01 AAS alleles carried several amino acid substitutions and truncations, as shown in Fig. [1](#fig01){ref-type="fig"}. These changes were generated by a single nucleotide "C" insertion in exon 3. Notably, the nucleotide position of each insertion was conserved among the *Mamu* and *Mafa ULBP5.2* alleles, suggesting that this insertion occurred in an ancestral population of rhesus and cynomolgus macaques.

Phylogenic tree analysis of the ULBP5 gene.
-------------------------------------------

To determine out the evolutionary divergence and diversity of *ULBP5* genes, we conducted a neighbor-joining analysis using nucleotide sequences, from intron 1 to intron 3, from *ULBP5.1* and *ULBP5.2* in macaques. As shown in Fig. [2](#fig02){ref-type="fig"}, *ULBP5.2* alleles appeared to be generated from a branch of *ULBP5.1*, and several *ULBP5.1* and *ULBP5.2* alleles from both rhesus and cynomolgus macaques were found in the same cluster.

To further delineate the phylogeny of *ULBP* and *MIC*, genes for ligands of NKG2D, we used to conduct a phylogenetic analysis using the mouse *rae1-a* sequence as an outgroup. Because the sequences of intron 1 and intron 3 were too diverged to be aligned among the *ULBP* and *MIC*, we used sequences from exon 2 to exon 3 in this analysis. By trimming sequences of intron 1 and intron 3, 15 and 11 *ULBP5.1* and 10 and 11 *ULBP5.2* nucleotide sequences of rhesus and cynomolgus macaques, respectively, were aligned. As shown in Fig. [3](#fig03){ref-type="fig"}, alleles of *ULBP5.1* and those of *ULBP5.2* in rhesus and cynomolgus macaques were clustered separately, but both rhesus and cynomolgus alleles were found in the same cluster. To our surprise, *ULBP5.1* alleles were generated from a branch of *ULBP5.2*, which was contradictory to the data in Fig. [2](#fig02){ref-type="fig"}. This might be caused by the addition of the outgroup.

To obtain additional data for which of *ULBP5.1* and *ULBP5.2* had been generated earlier, the rate of variations at synonymous sites in exons (exons 2 and 3) and introns (introns 1, 2, and 3) was calculated for *ULBP5.1* and *ULBP5.2* in rhesus and cynomolgus macaques (Table [2](#tbl02){ref-type="table"}). It was revealed that the variation rate of *ULBP5.1* was significantly higher than that of *ULBP5.2* in both rhesus and cynomolgus macaques. Because synonymous sites and introns are not under natural selection, these findings supported that *ULBP5.2* was generated from a branch of *ULBP5.1*, if the mutation rate at the neutral sites was similar for both *ULBP5.1* and *ULBP5.2*.

Phylogenetic data in Fig. [3](#fig03){ref-type="fig"} demonstrated that ULBP apparently diverged from MIC, and each *ULBP* showed specific diversification except that *ULBP2* and *ULBP5* diverged from the same ancestral gene. Moreover, when only exon 2 and exon 3 sequences were used in the phylogenetic analysis, similar results were obtained except that *ULBP5.1* and *ULBP5.2* were clustered separately (Supplementary Fig. 1). The difference in the phylogenetic aspects may be because the polymorphic exons of *ULBP* and *MIC* had been under natural selection.

Discussion
==========

In humans, *ULBP5/RAET1G* transcripts are detected in most tissues, with an overall expression pattern similar to *ULBP2*. Nucleotide sequences for extracellular domains, α1 and α2, of ULBP5 showed a high homology with those of ULBP2 and ULBP6, *i.e.*, 94% and 96% nucleotide sequence identity, respectively.^[@r01])^ On the other hand, we reported previously that each member of the *ULBP/RAET1* gene family was duplicated in the rhesus genome, and any orthologous genes to human *ULBP6/RAET1L* were not detected in macaques.^[@r21],[@r22])^ When we obtained *ULBP2.1* and *ULBP2.2* sequences from macaques, we considered that *ULBP2.1* or *ULBP2.2* might be orthologous to human *ULBP6.* However, our observations including the results of phylogenetic analyses have suggested that *ULBP2.2* diverged from *ULBP2.1*, and both are orthologs of human *ULBP2*.^[@r22])^ This is why we focused on *ULBP5* in this study, in order to verify any possible orthologous genes to human *ULBP6* in Old-World monkeys.

We identified 18 and 11 *ULBP5.1* alleles and 12 and 13 *ULBP5.2* alleles in rhesus and cynomolgus macaques, respectively. The average sequence homologies with the α1 and α2 domains of human *ULBP5/RAET1G* were 92% for *ULBP5.1* and 93% for *ULBP5.2*, and these results were consistent with our previous findings from the analysis of *ULBP2* and *ULBP4*, *i.e.*, both *ULBP2* and *ULBP4* were duplicated and highly polymorphic even at the amino acid sequence level.^[@r21],[@r22])^ Phylogenetic analyses indicated that the clustering of *ULBP5.1* alleles and *ULBP5.2* alleles did not depend on the species, *i.e.*, alleles from both rhesus macaque and cynomolgus macaques were found in the same clusters, supporting a trans-species evolution possibly caused by either balancing selection or incomplete sorting of alleles (Fig. [2](#fig02){ref-type="fig"}), and the clustering pattern was similar to those for *ULBP2.1* and *ULBP2.2* in our previous study.^[@r22])^ These observations imply that *ULBP5.1* and *ULBP5.2* are orthologous to human *ULBP5/RAET1G*, but not to *ULBP6/RAET1L*. As shown in Fig. [3](#fig03){ref-type="fig"}, a phylogenetic analysis using sequences of corresponding regions from *ULBP1* to *ULBP6*, reported for hominies (human, chimpanzee, gorilla), and another Old-World monkey (olive baboon) indicated that alleles of *ULBP5.1* and *ULBP5.2* were included in the same cluster, separately from that of *ULBP2* in the Old-World monkeys. In addition, *ULBP2* in hominies, and *ULBP5* and *ULBP6* were clustered with *ULBP2*, implying that these genes diverged from the same ancestral gene for *ULBP2-ULBP5*. On the other hand, we found the "cynomolgus *RAET1L*" sequence in the public GenBank database (<https://www.ncbi.nlm.nih.gov/genbank/>), but our phylogenetic study showed that it was *ULBP2* and not *ULBP6*, because it clustered with rhesus *ULBP2.2* and not with human *ULBP6* (Fig. [3](#fig03){ref-type="fig"}, Supplementary Fig. 1). It was, then, suggested that human *ULBP2* and *ULBP6* diverged from an ancestral *ULBP2* by a recent gene duplication, after the diversification of hominies. Our observations were consistent with the ULBP/REAT molecule of placental mammals being originally diverged and duplicated in each species.^[@r23])^

Regarding AAS polymorphisms, Mamu-ULBP5.2-09.01.01, Mafa-ULBP5.2-08.01.01, Mafa-ULBP5.2-09.01.01, and Mafa-ULBP5.2-10.01.01 shared similar sequence features including truncations. These substitutions and truncations were characteristic of *ULBP5*, because not only the single nucleotide "C" insertion in exon 3, but also 3-bp deletion in intron 2 and the 25-bp deletion in intron 3, were conserved among them. These phenomena supported the trans-species evolution of the *ULBP* gene family in primates, although several dysfunctional mutations remain to be investigated for functional roles as a ligand for NKG2D. In human, the high similarity of *ULBP2* and *ULBP5* suggested that molecular interactions mediated by the extracellular domains of ULBP2 and ULBP5/RAET1G could be conserved^[@r24])^ and they were reported to act as functional NKG2D ligands and to bind HCMV.^[@r25])^

On the other hand, it has been reported that ULBP5/RAET1G only weakly interacts with NKG2D and does not bind cytomegalovirus glycoprotein UL16. It exhibits an apparently lower avidity for NKG2D due to substitution of the amino acid at position 122 (133, position in the mature form) in the α2 domain (Fig. [1](#fig01){ref-type="fig"}), in the center of the MHC-like fold, whereas ULBP2 strongly binds NKG2D.^[@r24])^ In the 3-D structure of ULBP3, phenylalanine 122 (113) is located in the middle of the β-pleated sheet of the α2 domain and contributes to the hydrophobic core of the α1-α2 domain,^[@r25])^ where Phe122 (113) is conserved among all human ULBP, except ULBP5/RAET1G. On the contrary, ULBP5/RAET1G has Leu instead of Phe at this site and no polymorphism was reported so far.^[@r14],[@r15])^ Nevertheless, amino acid polymorphism of Phe or Leu at 122 (113) was found only in the cynomolgus ULBP5.2; Mafa-ULBP5.2\*1 had Phe at 122 (113), and the remaining nine alleles had Leu, whereas Phe122 (113) was conserved in ULBP5.1 of both rhesus and cynomolgus macaques as well as in ULBP5.2 of rhesus macaque. Therefore, all 13 cynomolgus *ULBP5.2* alleles containing a truncation and/or nine substituted alleles may result in weaker interaction with NKG2D. To clarify the biological significance of duplication and polymorphisms in macaque *ULBP* genes, the functional impact of the polymorphisms should be investigated in future studies.
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![Alignment of deduced amino acid sequences of the α1 and α2 domains of ULBP5.2 molecules from rhesus and cynomolgus macaques and human ULBP5/REAT1G molecule. Amino acid sequences deduced from the nucleotide sequences of *Mamu/Mafa-ULBP5.2\*01.01.01*, *Mamu-ULBP5.2\*04.01.01*, *Mamu-ULBP5.2\*05.01.01*, *Mamu-ULBP5.2\*05.02.01*, *Mamu-ULBP5.2\*06.01.01*, *Mamu-ULBP5.2\*09.01.01*, *Mafa-ULBP5.2\*08.01.01*, *ULBP5.2\*09.01.01*, *ULBP5.2\*10.01.01*, and human *ULBP5/RAETG* (AL583835) were aligned. The nomenclature of the predicted amino acid sequences is described in the section, "Materials and methods". Numbers above the sequences represent the amino acid positions in the mature protein. Undetermined sequences are represented by asterisks (\*). Dashes (-) indicate identical residues. Sequences for the predicted truncation sites are marked by dots (.). An arrowhead indicates Phe at position 122, which is conserved among all human ULBP sequences, except ULBP5/RAET1G, in which this position is Leu. Mamu-ULBP5.2-05.01.01^\#^ includes Mamu-ULBP5.2-05.01.01, Mamu-ULBP5.2-05.02.01, and Mamu-ULBP5.2-06.01.01, whereas Mafa-ULBP5.2-09.01.01/10.01.01 indicates Mafa-ULBP5.2-09.01.01 and Mafa-ULBP5.2-10.01.01.](pjab-94-441-g001){#fig01}

![Phylogenetic tree of *ULBP5.1* and *ULBP5.2* alleles. The tree was constructed using the neighbor-joining method with bootstrap values of 5,000 replications. The values are indicated as percentages, but those less than 50% are not shown. The underlined alleles contained truncation mutations. Stars indicate alleles carrying Leu at position 122 (113), which is a contact site with NKG2D.](pjab-94-441-g002){#fig02}

![Phylogenetic tree of alleles of *ULBP5* and other *ULBP* genes among Old-World monkeys and hominines. The tree was constructed using the neighbor-joining method with bootstrap values of 5,000 replications. Nucleotide sequences from exon 2, intron 2, and exon 3 were used in the analysis. The bootstrap values are indicated as percentages, but those less than 50% are not shown. There were several alleles with the same nucleotide sequences in the analyzed region, which are grouped into 'alleles'. Truncation alleles were underlined. The *ULBP1* to *ULBP5* sequences from rhesus; LOC694216, LOC694341 (*ULBP1*), LOC694466, LOC694600 (*ULBP2*), LOC694135, LOC694525 (*ULBP3*), LOC695031 (*ULBP4*), LOC694076, LOC694265 (*ULBP5*), and AM418584 (*MICAB*), and *ULBP1* to *ULBP6* sequences from human; GenBank accession numbers AL355497 (*ULBP1*, *ULBP3*, *ULBP6*), AL583835 (*ULBP2* and *ULBP5*), and AL355312 (*ULBP4*). Cynomolgus (LOC102142491 as *RAET1L*), human (NG034139 as *MICA*, NG21405 as *MICB* and AB003618 as *MICB* variant, *MICB\*0107N*), chimpanzee (LOC463066 as *ULBP2*, LOC748488 as *ULBP5* and NC 006473 as *MICB*), western gorilla (LOC101140391 as *ULBP2*), olive baboon (LOC101017701 as *ULBP2*), marmoset (LOC100390841 as *MICA*) and mouse (AC159330 as *Rae1-*α).](pjab-94-441-g003){#fig03}

![Phylogenetic tree of alleles of *ULBP5* and other *ULBP* genes among Old-World monkeys and hominines. The tree was constructed using the neighbor-joining method with bootstrap values of 5,000 replications. In this analysis, only the sequences of exon 2 and exon 3 were used. The bootstrap values are indicated as percentages, but those less than 50% are not shown. There were several alleles with the same nucleotide sequences in the analyzed region, which are grouped into 'alleles'. Truncation alleles are underlined. The *ULBP1* to *ULBP5* sequences from rhesus; LOC694216, LOC694341 (*ULBP1*), LOC694466, LOC694600 (*ULBP2*), LOC694135, LOC694525 (*ULBP3*), LOC695031 (*ULBP4*), LOC694076, LOC694265 (*ULBP5*), and AM418584 (*MICAB*), and *ULBP1* to *ULBP6* sequences from humans; GenBank accession numbers AL355497 (*ULBP1*, *ULBP3*, *ULBP6*), AL583835 (*ULBP2* and *ULBP5*) and AL355312 (*ULBP4*). Cynomolgus (LOC102142491 as *RAET1L*), human (NG034139 as *MICA*, NG21405 as *MICB* and AB003618 as *MICB* variant, *MICB\*0107N*), chimpanzee (LOC463066 as *ULBP2*, LOC748488 as *ULBP5* and NC 006473 as *MICB*), western gorilla (LOC101140391 as *ULBP2*), olive baboon (LOC101017701 as *ULBP2*), marmoset (LOC100390841 as *MICA*), and mouse (AC159330 as *Rae1-*α).](pjab-94-441-g004){#figS01}

###### 

Alleles of ULBP5.1 or ULBP5.2 genes in rhesus and cynomolgus macaques

  Gene                       Species                    Allele name                                                                                                  Accession No                       ID of reference animal                                                   Clone name                                           Remarks
  -------------------------- -------------------------- ------------------------------------------------------------------------------------------------------------ ---------------------------------- ------------------------------------------------------------------------ ---------------------------------------------------- ----------------------------------------------------
  *ULBP5.1*                  *Macaca mulatta*           *Mamu-ULBP5.1\*01.01.01*                                                                                     LC322170                           R473                                                                                                                          Identical to *LOC694076*
  *Mamu-ULBP5.1\*02.01.01*   LC322171                   R320, R321, R396                                                                                             R321-10F                                                                                                                                                         
  *Mamu-ULBP5.1\*02.02.01*   LC322173                   R314, R429, R434, R455                                                                                       R429-1F                                                                                                                                                          
  *Mamu-ULBP5.1\*02.02.02*   LC322172                   R333, R360, R496                                                                                             R333-5F                                                                                                                                                          
  *Mamu-ULBP5.1\*02.03.01*   LC322174                   R492                                                                                                         R492-3F                                                                                                                                                          
  *Mamu-ULBP5.1\*02.04.01*   LC322175                   R312, R350, R437                                                                                             R312-2F                                                                                                                                                          
  *Mamu-ULBP5.1\*03.01.01*   LC322176                   R396                                                                                                         R396-16F                                                                                                                                                         
  *Mamu-ULBP5.1\*04.01.01*   LC322177                   R328, R337, R384, R495                                                                                       R337-2F                                                                                                                                                          
  *Mamu-ULBP5.1\*05.01.01*   LC322178                   R237, R333, R337, R346, R360, R361, R379, R384, R408, R429, R430, R439, R446, R446, R491, R492, R495         R333-1F                                                                                                                                                          
  *Mamu-ULBP5.1\*05.01.02*   LC322179                   R434                                                                                                         R434-3F                                                                                                                                                          
  *Mamu-ULBP5.1\*05.01.03*   LC322180                   R350, R477                                                                                                   R350-2F                                                                                                                                                          
  *Mamu-ULBP5.1\*05.01.04*   LC322181                   R477                                                                                                         R477-9F                                                                                                                                                          
  *Mamu-ULBP5.1\*05.01.05*   LC322182                   R234, R237, R321, R325, R337, R439, R446, R465, R473, R490, R496                                             R234-3F                                                                                                                                                          
  *Mamu-ULBP5.1\*05.01.06*   LC322187                   R312, R342, R437                                                                                             R312-1F                                                                                                                                                          
  *Mamu-ULBP5.1\*06.01.01*   LC322183                   R314                                                                                                         R314-4F                                                                                                                                                          
  *Mamu-ULBP5.1\*06.01.02*   LC322184                   R237, R312                                                                                                   R237-1F                                                                                                                                                          
  *Mamu-ULBP5.1\*07.01.01*   LC322185                   R491                                                                                                         R491-7F                                                                                                                                                          
  *Mamu-ULBP5.1\*08.01.01*   LC322186                   R342, R408                                                                                                   R342-8F                                                                                                                                                          
                                                                                                                                                                                                                                                                                                                                      
  *Macaca fascicularis*      *Mafa-ULBP5.1\*01.01.01*   LC322188                                                                                                     P01, P02, C003, C004, C005, C007   P01-F-2                                                                                                                       
  *Mafa-ULBP5.1\*02.01.01*   LC322189                   M06, C012, C013                                                                                              M06-F-11                                                                                                                                                         
  *Mafa-ULBP5.1\*03.01.01*   LC322190                   M02, C004                                                                                                    M02-F-6                                                                                                                                                          
  *Mafa-ULBP5.1\*03.01.02*   LC322191                   M02                                                                                                          M02-F-6 (2)                                                                                                                                                      
  *Mafa-ULBP5.1\*04.01.01*   LC322192                   M03, C006                                                                                                    M03-F-5                                                                                                                                                          
  *Mafa-ULBP5.1\*05.01.01*   LC322193                   P04, M03, M04, M06, C007, C008, C009, C010, C013                                                             M06-F-13                                                                                                                                                         
  *Mafa-ULBP5.1\*06.01.01*   LC322194                   M05, C010                                                                                                    M05-F-6                                                                                                                                                          
  *Mafa-ULBP5.1\*07.01.01*   LC322195                   P03, C008, C009                                                                                              P03-F-3                                                                                                                                                          
  *Mafa-ULBP5.1\*08.01.01*   LC322196                   P02, C006                                                                                                    P02-F-8                                                                                                                                                          
  *Mafa-ULBP5.1\*08.01.02*   LC322197                   P04, M05                                                                                                     P04-F-7                                                                                                                                                          
  *Mafa-ULBP5.1\*09.01.01*   LC322198                   P01, M01, C001, C002, C003                                                                                   M01-F-6                                                                                                                                                          
                                                                                                                                                                                                                                                                                                                                      
  *ULBP5.2*                  *Macaca mulatta*           *Mamu-ULBP5.2\*01.01.01*                                                                                     LC322199                           R234, R237, R333, R349, R350, R360, R361, R429, R434, R473, R492, R495   R333F-9                                              Identical to *LOC694265*, *Mafa-ULBP5.2\*01.01.01*
  *Mamu-ULBP5.2\*01.01.02*   LC322200                   R312                                                                                                         R312F5                                                                                                                                                           
  *Mamu-ULBP5.2\*02.01.01*   LC322201                   R316, R437                                                                                                   R437-4F                                                                                                                                                          
  *Mamu-ULBP5.2\*03.01.01*   LC322202                   R325, R333, R337, R349, R360, R379, R384, R430, R477                                                         R325F9                                                                                                                                                           
  *Mamu-ULBP5.2\*04.01.01*   LC322203                   R328, R337, R350, R384, R396, R437                                                                           R328F-8                            Truncation mutation                                                                                                           
  *Mamu-ULBP5.2\*05.01.01*   LC322204                   R342, R495                                                                                                   R342F-1                            Truncation mutation                                                                                                           
  *Mamu-ULBP5.2\*05.02.01*   LC322205                   R465                                                                                                         R465-1F                            Truncation mutation                                                                                                           
  *Mamu-ULBP5.2\*06.01.01*   LC322206                   R321                                                                                                         R321-F5                            Truncation mutation                                                                                                           
  *Mamu-ULBP5.2\*07.01.01*   LC322207                   R314                                                                                                         R314-F1                                                                                                                                                          
  *Mamu-ULBP5.2\*08.01.01*   LC322208                   R312                                                                                                         R312-F7                                                                                                                                                          
  *Mamu-ULBP5.2\*09.01.01*   LC322209                   R234, R237, R314, R320, R321, R328, R346, R361, R396, R408, R429, R434, R455, R465, R473, R490, R492, R494   R328F-4                            Truncation mutation                                                                                                           
                                                                                                                                                                                                                                                                                                                                      
  *Macaca fascicularis*      *Mafa-ULBP5.2\*01.01.01*   LC322210                                                                                                     M04, C009                          M04-F-3                                                                  Identical to *LOC694265*, *Mamu-ULBP5.2\*01.01.01*   
  *Mafa-ULBP5.2\*02.01.01*   LC322211                   M05, P04, C010, C011                                                                                         M05-F-12                                                                                                                                                         
  *Mafa-ULBP5.2\*02.01.02*   LC322212                   M06, C013                                                                                                    M06-F-6                                                                                                                                                          
  *Mafa-ULBP5.2\*03.01.01*   LC322213                   M03, C006, C007                                                                                              M03-F-6                                                                                                                                                          
  *Mafa-ULBP5.2\*04.01.01*   LC322214                   P03, C008, C009                                                                                              P03-F-1                                                                                                                                                          
  *Mafa-ULBP5.2\*05.01.01*   LC322215                   P01, M03, C007                                                                                               P01-F-2                                                                                                                                                          
  *Mafa-ULBP5.2\*06.01.01*   LC322216                   P01, M002, C001, C002, C003, C004, C005                                                                      P01-F-5                                                                                                                                                          
  *Mafa-ULBP5.2\*07.01.01*   LC322217                   P02, C007                                                                                                    P02-F-7                                                                                                                                                          
  *Mafa-ULBP5.2\*07.01.02*   LC322218                   M04, C008                                                                                                    M04-F-1                                                                                                                                                          
  *Mafa-ULBP5.2\*07.02.01*   LC322219                   M02, C004, C005                                                                                              M02-F-1                                                                                                                                                          
  *Mafa-ULBP5.2\*08.01.01*   LC322220                   P04, P05, P06, M05, M06, C012, C013                                                                          P04-F-7                            Truncation mutation                                                                                                           
  *Mafa-ULBP5.2\*09.01.01*   LC322221                   P02, C006                                                                                                    P02-F-6                            Truncation mutation                                                                                                           
  *Mafa-ULBP5.2\*10.01.01*   LC322222                   P03                                                                                                          P03-F-4                            Truncation mutation                                                                                                           

###### 

Number of alleles in ULBP5.1 and 5.2 genes in rhesus and cynomolgus macaques

  Macaque species       Locus            Allele   AAS allele\* (truncated allele)   Intron 1   Exon 2   Intron 2   Exon 3   Intron 3   Rate of synonymous change in exons and variation in introns                                  
  --------------------- ---------------- -------- --------------------------------- ---------- -------- ---------- -------- ---------- ------------------------------------------------------------- ---- ------- ----------------- -----------------
  Rhesus (n = 38)       *Mamu ULBP5.1*   18       11                                10         4        11         5        11         0                                                             18   8       1                 0.0121 ± 0.0077
  *Mamu ULBP5.2*        11               7 (3)    4                                 0          18 (1)   10         6        1          19 (1)                                                        10   4 (1)   0.0051 ± 0.0072   
                                                                                                                                                                                                                                    
  Cynomolgus (n = 24)   *Mafa ULBP5.1*   11       9                                 9          4        11         5        9          0                                                             16   10      2                 0.0184 ± 0.0049
  *Mafa ULBP5.2*        13               7 (2)    4                                 0          15       8          4        1          23 (1)                                                        15   5 (1)   0.0117 ± 0.0070   

\*; number of alleles at amino acid sequences (AAS) and number of truncated alleles are in parentheses.

\*\*; polymorphic sites in exon 2 including a frameshift mutation indicated in parentheses.

\*\*\*; polymorphic sites in exon 3 including a frameshift mutation indicated in parentheses.

\*\*\*\*; polymorphic sites in intron 3 including a 25 bp ins/del polymorphism indicated in parentheses.

###### 

Supplementary Table 1. List of ULBP5.1 and ULBP5.2 allele-pairs in rhesus and cynomolgus macaques, which differed only by synonymous or intron polymorphisms

  Gene                                                                               Species                                                 Allele pair                                             Location and numbers of polymorphic sites                                         
  ---------------------------------------------------------------------------------- ------------------------------------------------------- ------------------------------------------------------- ------------------------------------------- --- --- --- --------------------- --- ---
  *ULBP5.1*                                                                          *Macaca mulatta*                                        *Mamu-ULBP5.1\*02.01.01* and *Mamu-ULBP5.1\*02.02.01*                                                           1                          
  *Mamu-ULBP5.1\*02.01.01* and *Mamu-ULBP5.1\*02.02.02*                              1                                                                                                                                                               1                                 
  *Mamu-ULBP5.1\*02.02.01* and *Mamu-ULBP5.1\*02.02.02*                              1                                                                                                                                                                                                 
  *Mamu-ULBP5.1\*05.01.01*, *Mamu-ULBP5.1\*05.01.02*, and *Mamu-ULBP5.1\*05.01.03*                                                           1                                                                                                                                         
  *Mamu-ULBP5.1\*05.01.03* and *Mamu-ULBP5.1\*05.01.04*                                                                                                                                                                                          1                                     
  *Mamu-ULBP5.1\*05.01.04* and *Mamu-ULBP5.1\*05.01.05*                              2                                                                                                                                                           1                                     
  *Mamu-ULBP5.1\*05.01.05* and *Mamu-ULBP5.1\*05.01.06*                              1                                                                                                                                                           1                                     
  *Mamu-ULBP5.1\*06.01.01* and *Mamu-ULBP5.1\*06.01.02*                              1                                                                                                                                                           1                                     
                                                                                                                                                                                                                                                                                       
  *Macaca fascicularis*                                                              *Mafa-ULBP5.1\*03.01.01* and *Mafa-ULBP5.1\*03.01.02*                                                           1                                                                                 
  *Mafa-ULBP5.1\*08.01.01* and *Mafa-ULBP5.1\*08.01.02*                                                                                      1                                                                                                   1                                     
                                                                                                                                                                                                                                                                                       
  *ULBP5.2*                                                                          *Macaca mulatta*                                        *Mamu-ULBP5.2\*01.01.01* and *Mamu-ULBP5.2\*01.01.02*   3                                                                                  
  *Mamu-ULBP5.2\*05.01.01* and *Mamu-ULBP5.2\*05.02.01*                                                                                                                                              1 (truncated)                                           Truncation mutation       
                                                                                                                                                                                                                                                                                       
  *Macaca fascicularis*                                                              *Mafa-ULBP5.2\*02.01.01* and *Mafa-ULBP5.2\*02.01.02*                                                                                                                   1                         
  *Mafa-ULBP5.2\*07.01.01* and *Mafa-ULBP5.2\*07.01.02*                                                                                                                                                                                                  1                             
  *Mafa-ULBP5.2\*07.01.01* and *Mafa-ULBP5.2\*07.02.01*                                                                                                                                              1                                                                                 
  *Mafa-ULBP5.2\*07.01.02* and *Mafa-ULBP5.2\*07.02.01*                                                                                                                                              1                                                   1                             

[^1]: (Communicated by Shizuo AKIRA, M.J.A.)
